" Styrene production over porous iron-based catalysts. " XRD, 57 Fe-Mössbauer and Raman spectroscopy, TPR and N 2 adsorption-desorption measurements characterizations.
Introduction
Oxidative dehydrogenation of ethylbenzene with CO 2 (ODH) is a promising alternative to the industrially applied catalytic non-oxidative dehydrogenation due to the strong market incentive for styrene production [1] . As industrial demand for styrene grows, its production via ODH of ethylbenzene is assuming great importance. Indeed, styrene is of interest to the petroleum industry for the production of polystyrene, styrene-butadiene rubber, fibers and resins [2] . However, the major challenges associated with the dehydrogenation are requirement of developing selective and stable catalysts, since the deactivation of the solids due to coke formation is inevitable.
In another context, iron-based compounds have been recognized as important materials due to their wide range of applications, such as ion exchangers, material science, pharmaceuticals, biotechnology, adsorbents, catalysts and recently in nanomedicine [2] [3] [4] [5] [6] [7] . In the field of catalysis, many studies have been conducted concerning the use of iron-based compounds as catalysts or catalytic supports [8] [9] [10] due to their desirable properties, including redox abilities, acidic features and low-cost.
Among the various types of iron-based compounds, porous iron oxides are suitable as catalytic active sites for a variety of reactions [10] [11] [12] [13] . Moreover, they have a much higher surface area than conventional microporous iron oxides and possibilities a larger pore size distribution and a more availability for their surface functionalities [11] . Indeed, the pores are often used as catalytic reactors [10] . Therefore, research efforts have been mainly focused on developing porous iron monoxides or iron-based compounds to improve the resistance against the deactivation resulting from carbon deposition and increase the adsorption properties [8] [9] [10] [11] [12] .
However, porous binary iron oxides are not easy to obtain owing to the facile deposition of the second labile species to be added during the synthesis on the iron specie, which could act as a support. This is a drawback concerning the production of mixed iron-based oxides and requires special synthesis conditions or reactants for controlling pore size and shape and avoiding pores' blocking.
In case of ODH to obtain styrene by using iron-based catalysts, nearly all of the transition metals and lanthanides have been studied as electronic, structural and textural promoters, giving rise to good catalytic activity [9] [10] [11] [12] [13] [14] . Titanium, zirconium and aluminum are leading the subjects in this area of research. Although Fe is more susceptible to reduction, and therefore to deactivation than metals oxides such as Al, Zr and Ti, a combination of the latter species in a porous iron oxide would be useful to improve the catalytic performance. Most of the studies are devoted to the synthesis conditions and characterizations, and only a few of them deeply investigated the resultant binary iron oxides porosity effect in the dehydrogenation of ethylbenzene with CO 2 .
The influence of the active promoters on the physicochemical properties of iron-based catalysts has been investigated in this study. The effect of iron oxide porosity and phases formed on the styrene production explain the different catalytic behavior of the solids.
Experimental

Preparation of the solids
Aluminum tri-sec-butoxide (Al(OC 4 H 9 sec) 3 ) and ferric nitrate Fe(NO 3 ) 3 9H 2 O, were used as precursors to prepare the FeAl solid, according to a previously published work [15] . The hydrolysis reaction took place by introducing aluminum tri-sec-butoxide into excess of ethanol at 60°C under vigorous stirring. Briefly, the synthesis was carried out by adding in a drop wise manner a mixture of 2.9 mol of water, ferric nitrate and 6.5 mol of absolute ethanol to the stirred mixture of aluminium, to obtain the clear sol, which turned into a gelatinous precipitate within few minutes. The reactants were maintained under constant stirring and refluxing for 24 h. The gel was afterwards, washed with ethanol, dried at room temperature and calcined at 600°C under air flow at a heating rate of 5°C min À1 during 2 h. The abovementioned methodology was used to obtain the FeZr and FeTi, in which the zirconium oxychloride, ZrOCl 2 Á8H 2 O, and titanium (IV) isopropoxide, Ti(OiPr) 4 were the active component precursors. The metal contents measured by chemical analyses were 80:20 wt%, respectively for iron and the second metal added to the solid.
Characterization of the solids
X-ray powder diffraction (XRD) patterns were recorded in a PANalytical X'PERT HighScore's diffractometer. The Cu Ka radiation was used and diffractrograms were collected with a 2h step of 0.02 and a counting time of 10 s per step. Diffraction peaks recorded between 3°and 80°have been used to identify the structure obtained at 40 kV and 30 mA. Particles size were calculated by Scherrer formula (D = Kk/B cos h), where K = 0.9, k = 0.15418 nm, h is the Bragg angle, and B is the full width at half maximum of diffraction peaks. The diffractograms were compared to that of ICDD database (International Centre for Diffraction Data).
The Brunauer-Emmett-Teller (BET) method was employed to measure the specific surface of oxides through the nitrogen adsorption-desorption isotherms. The measurements were made at À196°C using a Micromeritics instrument. The samples were outgassed for 6 h at 200°C under vacuum, prior to the sorption analyses.
The temperature-programmed reduction experiments (H 2 -TPR) were carried out in home-made equipment. About 80 mg of catalyst was embedded in a fixed-bed quartz tube and heated under nitrogen at 100°C for 2 h. Subsequently, the reactor was cooled down to room temperature and was then heated from room temperature to 1000°C using a heating rate of 10°C min À1 in the presence of a 8% H 2 /N 2 mixture.
Raman spectroscopy was used to obtain information about the structural features of the solids under ambient conditions on a alpha 300 microscope from Witec spectrometer. The confocal microscopy was used with a 532 nm laser line for the spectral excitation and a power of 10 mW.
Mössbauer spectra were measured on powdered spent solids at room temperature with the spectroscopy system from Wissel. The measurements were carried out by standard transmission geometry, using a constant acceleration spectrometer with a radioactive source of 57 Co in Rh matrix and activity of 50 mCi. The spectra were fitted using the Fit routine, which makes use of a set of Lorentzian profile peaks. The analyses allowed the calculation of amplitude and width (G) of each peak, isomer shift (d), electric quadrupole splitting (D) and hyperfine magnetic fields (BFH). In addition, all isomer shifts (d) refer to metallic iron (a-Fe) at room temperature.
Catalytic evaluation
Catalytic reaction of dehydrogenation of ethylbenzene using CO 2 was carried out in a fixed bed quartz reactor by using 100 mg of catalyst. Ethylbenzene (EB) was fed to the reactor by passing the gas feed e.g., nitrogen (11 mmol h À1 ), and carbon dioxide (58 mmol h
À1
) over an ethylbenzene saturator vessel with a EB feed rate of 1.9 mmol h
. The reaction tests were performed at 550°C under atmospheric pressure and a CO 2 /EB = 30:1. The products formed were analyzed with an FID gas chromatograph (Simple Chrom) using a capillary column. A detailed description of the catalytic tests evaluation is given in the references [10, 11, 16] . The performance of catalysts was evaluated by means of the EB conversion, the styrene selectivity and styrene yield and the formulae are shown in the papers previously published [8, 16] . [17] phase are observed for all solids. Indeed, XRD patterns are broad and weak due to the nanocrystalline features of the solids, as summarized in Table 1 .
For FeZr, tetragonal ZrO 2 (space group P4 2 /nmc, ICDD no. 37-1484) is the sole zirconium specie observed in the XRD pattern, besides the aforesaid iron-based monoxides. In case of FeAl, even though FeAl 2 O 4 formation could be likely under the synthesis conditions [15, 18] , the XRD pattern of the fresh solid reveals only c- phases and does not show any Fe-Al-related species. FeAl difractogram is shown in our previous paper [15] .
The diffractogram of FeTi shows not well resolved diffraction peaks at interplanar spacings of 3.24, 1.89 and 1.66 Å corresponding to the (1 1 0), (1 1 1) and (2 1 1 atoms during the co-precipitation of Fe/Ti mixed oxides [19] . However, no XRD peaks of ilmenite are observed for FeTi due to its broad diffraction lines. Raman spectrum of FeZr (Fig. 1b) À1 should appear in the Raman spectrum of hematite and maghemite [15, 20] . Indeed, earlier reports have shown that the latter modes are due to two magnons scattering created on close antiparalell spin sites [19, 20] . Thus, the modes appear around 146, 225, 296, 411, 503, 607, 660, 869, 1050 and 1319 cm space group) has Raman modes at about 270, 315, 455, 602 and 645 cm À1 whereas the monoclinic ones possesses modes at 192, 335, 347, 382, 476, 617 and 638 cm À1 [21] . Thus, the presence of ZrO 2 in both tetragonal and monoclinic forms is suggested for FeZr by Raman measurements. These results are in line with the ZrO 2 in tetragonal phase found by XRD.
For FeAl and FeTi, two broad and not well defined bands are observed in the 200-600 cm À1 and 700-900 cm À1 ranges. These modes overlap each other, and thus their assignations correspond 
N 2 adsorption-desorption analyses
Textural properties of the solids are evaluated by N 2 adsorption-desorption experiments. The isotherms as well as the corresponding pore size distribution curves are plotted in Fig. 2 .
As it can be seen, the isotherm of FeAl is of type IV, with a hysteresis in the 0.48 P/P o region, which is typical of mesoporous materials. Moreover, the well-defined hysteresis loop associated with irreversible capillary condensation on mesopores from 0.4 to 1.0 indicates the existence of a mesoporosity arising from non-crystalline voids and spaces formed by interparticle contacts in the catalysts. FeZr exhibits a type II isotherm, with a more pronounced capillary condensation step that shifts to a higher P/P o and posses a hysteresis loop between H 3 and H 4 [22] . BET surface area of FeTi and FeAl are calculated to be 421 and 418 m 2 g À1 (Table 1) , respectively. The BJH pore size distribution confirms that FeZr possesses a well-developed mesoporosity besides meso and macropores (Fig. 2b included) , FeZr displays the representative type II and IV curves, with a capillary condensation step at P/P o 0.4-0.6 region, similar to that obtained for sol-gel based-zirconia solids [23] . Additionally, the pore size distribution of FeAl is narrower than that of FeTi, implying that the latter has a more open pore structure with mesopores size and volumes of 33 Å and 0.67 cm 3 g À1 , respectively. Different from FeTi and FeAl, the prominent hysteresis loop of FeZr is mainly characterised by a micro-meso-macroporous structure. Indeed, the pore sizes of FeZr are centred at 12, 33 and 62 Å, with respect to its broad pore size distribution for micro, meso and macroporoes, respectively. Moreover, the micropore area is not reported because either the micropore volume is negative or the calculated external surface area is larger than the total surface area. The relatively low textural parameters of FeAl were expected to be related to its crystalline feature. Due to this fact, the noncrystallized or tiny particles of the FeAl 2 O 4 phase would block the inter-particle spaces among crystalline a-Fe 2 O 3 and c-Fe 2 O 3 , which eventually resulted in the decrease of exposed internal surface area of entire solid.
H 2 -TPR profiles
TPR analyses are used to predict the reducibility of the solids. TPR profiles (Fig. 3) species, while the latter peaks are attributed to the reduction of the hard reducibility ZrO 2 and perovskite FeTiO 3 phases, respectively for FeZr and FeTi. In case of FeTi, the high temperature TPR peak may also be associated to the reduction of TiO 2 . However, TiO 2 is well known to be more difficult to reduce and reduction of bulk oxygen of TiO 2 has been reported to occur above 600°C [25, 26] . [27] . Therefore, the high hydrogen consumption peak above 600°C could be attributed to both TiO 2 and perovskite reduction. In addition, ZrO 2 weakly interacts with iron species and provides a lesser resistance to reduction in FeZr compared to that of FeTi, thus causing the shifting of the reduction of Fe 3+ to lower temperatures. TPR profile of FeAl has been described previously [15] and it can be seen that the iron states of reduction are identical in terms of profiles, however, the FeAl 2 O 4 phase formation is facilitated under hydrogen environment at about 600°C.
Catalytic results
The results on the ethylbenzene dehydrogenation with CO 2 are shown in Table 1 and Fig. 4 .
The catalytic conversion of FeAl at the beginning of the reaction is slightly higher than that of FeZr and lesser than half of that of FeTi (Table 1) . Moreover, the styrene yield is high in the first minutes of the reaction for all solids (Fig. 4) . It can be seen that the nature of promoter present on the different iron phase is related to the porous structure and the catalytic performance, being titanium well suited to be added to the iron oxides. The fact that c-Fe 2 O 3 and a-Fe 2 O 3 active phases are detected over all catalysts by XRD and Raman results suggest that the elevated initial conversion of the catalysts could be due to the presence of these phases. However, our earlier report has demonstrated that unprompted bulk iron oxides in either hematite or maghemite forms have conversion values lower than 2% in the steady state condition. This was attributed to the inactivity and/or ease reducibility of these oxides in the EB and CO 2 environments [10] . Burri et al. also reported that EB conversion over either ZrO 2 or TiO 2 is inferior to that of promoted binaries catalysts counterparts [28] ; this lies to the fact that pure TiO 2 gives very low styrene yield in the ODH reaction [29] . Also, alumina itself performed badly in the dehydrogenation of ethylbenzene with CO 2 , as shown by the findings [30] [31] [32] . Since Fe 2 O 3 , ZrO 2 , TiO 2 alone or Al 2 O 3 itself are not highly actives in the reaction, the interaction between iron oxide and the aforesaid promoters might be necessary to obtain high activity.
The fast decline of the selectivity of FeTi along the time on stream with respect to that of FeAl indicated an aluminum action as structural promoter of the iron oxide and this enhanced the styrene yield greatly [32] . This is supported by the fact that there are no diffraction lines of alumina in the patterns indicating an incorporation of Al into the iron oxide to form a nanocrystalline and stable FeAl 2 O 4 . Furthermore, FeAl improves the selectivity to styrene about 29% in the steady state, whereas the addition of Zr to the iron-based catalyst contributes to increase the selectivity only around 18% at iso-conversion. The detection of t-ZrO 2 phase over FeZr reveals that zirconia particles do not stabilize the iron-based phases over the course of the reaction, which in turn resulted in a smaller activity and stability. This is confirmed by TPR results that show the easy reducibility of FeZr catalyst. The same effect is observed over Ti-Zr and Mn-Zr based catalysts for CO 2 dehydrogenation of ethylbenzene [28, 33] . The styrene yield is improved by adding aluminum to the iron oxide, but selectivity to styrene is considered low, in comparison to other aluminum-based iron oxides catalysts [32] . The selectivity to benzene and toluene increase showing that cracking reactions are favored at high time on stream for FeAl and FeZr.
The best performance of FeTi for styrene production may be rationalized from the information obtained from the characterization results. Previous studies on oxidative dehydrogenation of propane reaction reveal that the TiO 2 phase itself is active on ethylbenzene conversion while this effect is significant over binary TiO 2 -ZrO 2 catalyst [34] . The iron titanates phases are ilmenite (FeTiO 3 ), a spinel phase (Fe 2 TiO 4 ) and pseudo-brookite (Fe 2 TiO 5 ) [35] . Among them, FeTiO 3 (further shown by spent catalysts characterizations) is found to remain stable in the steady state, even when rutile TiO 2 , c-Fe 2 O 3 and a-Fe 2 O 3 were consumed, initially.
Any structural change is observed (latter confirmed) and this behavior is attributed to stability of the ilmenite phase and the mesopores, which remains accessible to ethylbenzene and CO 2 reactants, after the reaction. Fe Mössbauer spectroscopy All the catalysts exhibited structural changes after the reaction. Mössbauer spectra of the solids are shown in Fig. 5 .
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Fe Mössbauer spectroscopy is a technique largely used to study the valence states of iron and its occupation at the unit cells sites in iron-containing crystal structures.
FeAl Mössbauer spectrum is fitted with two doublets. The first doublet possessing D = 1.01 mm s À1 e d = 0.35 mm s À1 is attributed to the presence of hematite (a-Fe 2 O 3 ), which shows superparamagnetic behavior, as a result of its nanosized particles. The second Mössbauer spectrum of spent FeTi is adjusted with two doublets and two sextets. The two well-resolved doublets indicate the presence of paramagnetic high-spin Fe 2+ and Fe 3+ species.
Mössbauer parameters obtained from the spectra are shown in Table 2 . The first doublet of FeTi exhibits relative large isometric shift (d = 1.07 mm s Velocity (mm/s) Transmission (%) [15, 20] . It is assumed that due to the modes of c-Fe 2 O 3 appears at about 350, 500 and 700 cm À1 [20] , such characteristics modes are also observed in the Raman spectrum of FeAl.
Broad bands in the 200-600 cm À1 and 700-900 cm À1 ranges are the main features in the FeTi and FeZr spectra, indicating that the hematite phase changed after the reaction.
Raman spectra at high wavenumbers display much more intense and blunter modes than in low wavenumber for all solids. The modes at 1300-1550 cm À1 are associated to the D and G bands, as for carbon nanotubes [16] . This result suggests that the fast deactivation of FeZr and FeAl is due to the heavy coke deposition whereas the slight decrease of the styrene yield on FeTi is caused by the formation of labile carbon deposits on the latter.
XRD patterns of the solids are shown in Fig. 6b Thus, the FeAl nanoparticles are confirmed to be crystalline, and sintering does not strongly affect the solid during the reaction. However, the yield of styrene decays to approximately 30% in the same trend as selectivity due to the coking during the reaction. Some other studies found that the selectivity to styrene dropped along the reaction in reason of styrene oligomerization reactions that results in coke formation [41, 42] . This confirms the Raman spectroscopy measurements that detected the carbon deposits formation over the solid. Both sintering and coke formation are the critical factors to deactivate FeAl catalyst along the reaction. The XRD pattern of spent FeZr confirms the existence of the same phases observed for the fresh analogous solid, including magnetite, which was similar to that shown by Mössbauer. Indeed, the spent solid is more crystalline than the fresh analogue. [27] due to the reductive conditions offered by the ODH. Thus, styrene yield drops off at the beginning of the reaction due to sintering of the active species and the mesopores may become occluded close to saturation by the coke from ethylbenzene cracking or styrene oligomerization. However, the promoting effect of CO 2 in reoxidizing the FeTiO 3 , Fe 2 TiO 5 and FeTi 2 O 5 phases and leaching the coke have probably avoided the deactivation of the solid, as for Fe-based catalysts [43] .
Studies on the activity of the solids by varying the CO 2 feed content as well as the promotion of the binary oxide by a third active component are in course.
Conclusions
Porous iron-based oxides were produced by sol-gel method. Modification of the iron solids by adding Ti, Al or Zr resulted in different mixed phases such as non-crystalline spinel and ilmienite, besides the segregated a-Fe 2 O 3 , c-Fe 2 O 3 , rutile TiO 2 and t-ZrO 2 monoxides. Based on XRD, Raman, Mössbauer and textural properties analyses, it is clear that the effect of the porosity on the phase transformation and physicochemical properties of mesoporous solids was correlated to the catalytic activity of the solids. Catalytic evaluation for styrene production showed that the styrene yield is high when Ti and Al are added to the solids whereas styrene selectivity decreases due to cracking of ethylbenzene reactions. The higher catalytic performance of porous FeTi is attributed to the in situ formation of FeTiO 3 , Fe 2 TiO 5 and FeTi 2 O 5 active species. These phases were resistant against phase transformation and sintering but promoted coke formation due to both ethylbenzene cracking or styrene oligomerization reactions.
